This paper discusses in detail the results of investigations on the preparation of hafnium metal either by calciothermic reduction of HfO 2 or by fused salt electrolysis of HfCL,. The metal so produced has been purified by the iodide decomposition process. The results obtained from the purification studies indicate that a metal meeting the AEC specifications can be obtained from these feeds.
INTRODUCTION
Hafnium, a by-product in the zirconium industry, finds application as a control rod material in pressurized light-water reactors for naval propulsion. This use stems from the fact that hafnium possesses excellent hot water corrosion resistance, a high neutron absorption cross-section for thermal and epithermal neutrons, good ductility and machinability. A small quantity of hafnium as an alloying element improves high temperature tensile and creep strengthening in super-alloys through second-phase particle dispersion strength by forming carbide, nitride and oxide with carbon, nitrogen and oxygen, respectively. The addition of a large quantity of hafnium to niobium and tantalum alloys increases the hot strength, improves the weldability and increases the resistance to oxidation at elevated temperatures of these alloys through dispersion and solid solution strengthening. Other uses are as a replacement for tungsten in copper-coated welding tips, diffusion barriers in multilevel integrated circuits, as a construction material for fabrication of spent fuel processing equipment and a separator sheet to allow close packing of spent fuel rods in interim holding ponds. Hafnium has also been proposed as one of the constituents in the manufacture of permanent magnets /1,2/.
All over the world hafnium is produced by the Kroll process. In this process HfCl 4 vapours are reduced with liquid magnesium in an inert atmosphere and the metal sponge so formed is vacuum-distilled to remove residual and unreacted magnesium and magnesium chloride. The Kroll process involves many hazardous operations on account of pyrophorocity of the metal, and the metal produced by this process does not meet the specifications required for fabrication. The oxygen content in the sponge varies from 0.08 to 0.1 wt% /3/. If this oxygen content is expressed on an atomic basis, this range becomes 0.14 to 1.18 a/o in hafnium. Hafnium of this oxygen level has a borderline ductility to be hot worked only, but its cold ductility is so limited that the final sizing operations are difficult to perform. In spite of using improved techniques, such as (i) the use of high-purity HfCl 4 , prepared from the thermal decomposition of chlorohafhate eutectic and (ii) the introduction of high-purity sodium with magnesium in the Kroll reduction, it has not been possible to produce quality sponge routinely for direct fabrication /4/. Therefore, further refining of Kroll sponge is necessary to meet the performance requirements 151. The refining may be accomplished by (i) electron beam melt refining, (ii) fused salt electrolysis, and (iii) the iodide decomposition process 161. Electron beam melt-refining gives metal low in oxygen content, but no purification of the metal takes place with respect to carbon, nitrogen and refractory metals. Fused salt electrorefining is an ideal process to prepare metals low in nitrogen, but the technical suitable of this process to meet the require-ments of this metal on a large scale has yet to be established. The iodide refining process is an effective method to decrease the interstitials in these metals. Commercially, electron-beam melting and the iodide process are used in the refining of hafnium. However, the corrosion resistance of the electron-beam refined metal in high-temperature water has been found to be erratic and unsatisfactory ΓΙ I. Thus, this process has not found favour as a refining process for hafnium. In practice, most of the metal for nuclear applications has come from the iodide decomposition process and this process remains until today the only process to meet this requirement.
The purpose of the present studies was to develop a substitute feed material to the Kroll sponge which could be used to prepare pure hafnium by the iodide decomposition process. Two processes, such as (i) metallothermic reduction of Hf0 2 and (ii) fused-salt electrowinning of HfCl 4 , have been investigated. The first process dispenses with the high-temperature chlorination operation and subsequent purification of HfCL(. The second process eliminates costly metallic reductants, produced by the fused salt electrowinning process. In the metallothermic reduction, calcium has been preferred as a reductant over magnesium on the basis of thermodynamic considerations /8/.
EXPERIMENTAL

Materials
Hafnium oxide -Hf0 2 used in these studies was procured from Nuclear Fuel Complex, Hyderabad and M/s CEZUS, France. The oxides were calcined at 850°C prior to use. HfG 2 from NFC was used in calciothermic reduction and that from CEZUS was used in chlorination studies.
Calcium -Calcium metal, in the form of -10 mesh granules, was of nuclear purity.
Carbon -Petroleum coke, assaying 99.8% carbon with an ash content of <0.1%, was used in chlorination.
Chlorine -Chlorine gas in compressed cylinders was procured from M/s Standard Alkali, New Mumbai.
Studies on the Preparation and Purification of Hafnium Metal
Electrolytes -Carrier electrolytes were AR grade NaCl and NaF.
PROCEDURE
Preparation of Hafnium by Calciothermic
Reduction of HFO z Hf0 2 and calcium, taken in excess of the stoichiometric amount, were intimately mixed, taken in an AISI 430 stainless-steel crucible and then placed inside an inconel reactor of 0.45 m dia, for reduction. The reactor was closed with a demountable flange, having ports for evacuation and back-filling with argon, as shown schematically in Fig. 1 . This reactor was heated gradually to 300°C under dynamic vacuum to remove moisture and the volatiles contained. The reactor was filled in with argon and heated to a desired temperature for the reaction to take place. After reduction, the reactor was cooled to room temperature under argon flow. The reduced mass was immersed immediately in ice-cooled water to remove an excess of calcium and partially dissolve CaO. CaO was further leached with dilute HCl in an ice-cooled condition. The Chlorination of the briquetted charge was carried out in a vertical chlorinator as shown in Fig. 2 . The chlorinator was a 0.1 m dia, 1 m long silica tube, closed at both ends with nickel flanges, provided with teflon-impregnated asbestos gaskets in between. A graphite distributor was used to hold the charge and to allow the chlorine gas for the reaction. A nickel condenser was connected to the chlorinator to collect HfCLi. Spiral-wound, asbestosfilled metallic gaskets were used to close all the joints, involving metal flanges. Cross-over inconel pipe between the chlorinator and the condenser was heated above the sublimation temperature of HfCL) to prevent its condensation before collecting in the condenser. The condenser was kept at 200°C for densification of the chloride. The chlorinator had the capacity to chlorinate 3.0 kg of the briquetted charge at a time. Provision was also made to add the fresh charge for chlorination. position of a low-melting chloride-eutectic (19 mole% NaCl -19 mole% KCl -62 mole% HfCL,). Purification studies were carried out in a vertical sublimer as shown in Fig. 3 . This reactor was fabricated from 0.15 m dia, 40 sch. inconel pipe. The sublimer was closed with a demountable flange, fitted with an air-cooled finger for HfCU condensation. A spiral-wound asbestos-filled metallic gasket was used to achieve leak-tightness of the reactor. The inner assembly was 0.12 m dia, 0.20 m long hastelloy C crucible, covered tightly with a silica wool packed hastelloy C baffle. An electrically heated furnace was used to heat the sublimer to the eutectic decomposition temperature. Purification studies were undertaken by cleaning, drying and heating the sublimer to 110°C. The salt mix, with a desired mole ratio of NaCl, KCl and HfCL), was taken in a hastelloy C crucible and placed inside the sublimer. The sublimer was closed with a demountable flange and tested for leaktightness. The salt mix was outgassed at 200°C in a dynamic vacuum. The sublimer was filled with argon and kept at a positive pressure of 1.27 χ 10 
HASTELLOY C CRUCIBLE
in pressure, as observed on a mercury manometer. HfCLt so produced was collected on the air-cooled finger. Studies were continued until the sublimer temperature reached 600°C. The sublimer was held at this temperature for an hour. Heating was discontinued to cool it to room temperature. The sublimer was opened, HfCl 4 was collected from the air-cooled condenser and stored dry in argon. HfCU was purified thrice to ensure its purity and the residual salt mix was preserved for re-use. valve assembly, in its closed position, prevented entry of moisture and air in the lower compartment, when the upper compartment was opened to remove the electrodeposit. A graphite rod, connected to an inconel rod, formed the anode. This assembly was surrounded by a perforated graphite assembly to confine and to vent the chlorine produced during electrolysis. A molybdenum rod formed a cathode. It was covered tightly with a recrystallised alumina tube to prevent it from being attacked by chlorine at the electrolyte-argon interphase. NaCl and NaF were vacuum-dried at 300°C till no traces of moisture condensed in a glass bubbler. The salt mix, after cooling to room temperature, was mixed with a required amount of purified HfCU in a graphite crucible and placed in the bottom compartment of the eel!. The cell, after assembling and testing for leak-tightness, was heated to melt the electrolyte. Pre-electrolysis was carried out at 1.5 to 2.0 V to remove moisture and the noble impurities from the bath. Completion of pre-electrolysis was observed by a sharp rise in voltage. Actual electrolysis was then carried out at a pre-determined initial cathode current density. The electrodeposit adhering to the cathode was lifted up from the electrolyte, cooled to room temperature in the upper compartment and taken out for processing. The deposits were leached with dilute HCl, washed free of halides and vacuum-dried for computing the current efficiency. Chlorine evolved at the anode was vented out to the atmosphere after passing through an aqueous solution of NaOH. Fresh cathode was introduced through a vacuum seal for the next electrodeposition cycle.
RESULTS AND DISCUSSION
Preparation of Hafnium by Calciothermic Reduction of Hf0 2
Reduction of HfO 2 with calcium was carried out on a 6 kg batch of Hf0 2 . The analysis of the hafnium oxide used in these studies is given in Table 1 . The effect of various experimental parameters, such as (i) requirement of calcium, (ii) temperature, and (iii) period of reduction, was studied to optimise yield and the purity of the metal. The optimum conditions established to prepare hafnium by this route are given in Table 2 and the chemical analysis of the metal produced is given in Table 3 191. A total of 28 kg of Hfö 2 was converted to metal powder. The metal yield was 93%.
Preparation of Hafnium by Fused Salt Electrolysis of HfCU
Hafnium metal was prepared by fused salt electrowinning of purified HfCU using 5 kg of electrolyte. HfCL, was produced by carbo-chlorination of Hf0 2 . Table 4 presents a material balance in a typical chlorination run and the chlorine utilization efficiency. Raw 0.6900 0.6900
HfCLi was purified through the alkali chlorohafnate decomposition route. Recovery of purified HfCU after three successive purification operations was 65%. A series of tests were carried out to optimise experimental parameters, such as cathode current density, bath temperature and soluble hafnium in the bath. NaF was added to complex HfCU as Na 2 HfE 8 in order to prevent its escape from the bath by sublimation at the operating temperatures /10/. Table 5 lists the operating conditions for optimising the current efficiency and Table 6 presents the chemical analysis of the electrodeposited metal produced under the optimum conditions /11/. As observed from Tables 3 and 6 , the metal obtained is not adequately pure for use in direct fabrication and requires purification.
PURIFICATION
Refining of the metal as produced above to high purity metal was accomplished by the iodide decomposition process. To get the best results from this process, an important point is preparation of a suitable feed amenable to reaction with iodide.
a) Feed Preparation
The feed used in the iodide refining process should , adequate strength and metallic lustre, and were used as a feed in the refining studies. On the other hand, electrolytic hafnium was less pyrophoric and was used as received. As the capacity of the cell to produce a sufficient quantity of metal was limited, 35 kg of standard grade electrolytic off-grade hafnium was procured from M/s CEZUS, France for these studies. The chemical analysis of the metal is given in Table V . These feeds were outgassed separately at 850°C for two hours in the iodide assembly to a vacuum better than 0.133 Pa, to dissolve any pre-existing surface oxide film and make the feed reactive to iodine. Outgassed metal, after cooling to room temperature, was transferred to the iodide-refining assembly.
b) Refining Assembly
The refining assembly, as shown schematically in Fig. 5 , was a 0.23 m dia, 0.45 m long, one-end-closed inconel reactor, fabricated from 0.06 m thick inconel sheet. The reactor was closed with a demountable flange, using an OFHC copper wire gasket in between. The copper wire gasket withstood the elevated temperature and the corrosive attack of iodine. The demountable flange had a view-port, ports for insertion of electrodes and an additional port for evacuation. An all-metal bellow-sealed valve was provided in between the evacuation port and the vacuum system to evacuate, backfill the assembly with argon and isolate it from the vacuum system. An inconel retort of 0.05 m dia was welded to the refining assembly near the top. This retort was used to store and transfer iodine to the main assembly. A perforated molybdenum screen of 0.0204 m dia was placed inside the assembly which provided a concentric annular space to hold the feed for refining. A itichrome-wound split-furnace was used to heat the feed externally to a desired temperature. 
c) Electrodes
Centrally flanged water-cooled electrodes were fabricated from a high purity 0.1 m dia copper ingot. A molybdenum rod of 0.012 m dia was riveted to each electrode to attach a filament for deposition of hafnium metal. A full-faced PTFE gasket of 0.012 m thick was placed in between the electrode and the assembly flanges to insulate the electrodes electrically.
d) Vacuum System
The vacuum system was a combined unit of mechanical and diffusion pumps, having 18 m 3 h -1 and 720 mV capacities, respectively. The system was complete with vacuum measuring instruments.
e) Filament
A zirconium wire of 0.0025 m dia formed a starting single hair-pin filament. The zirconium wire was pure enough to be folded into hair-pins without any intermediate annealing. The total strength of the filament was 0.6 m. The filament was attached to molybdenum rods through perforated molybdenum cups. Additional anchorage was provided with molybdenum wires.
f) Power Supply
Power supply to the electrodes was through an 80 kVA step down transformer through copper bus bars. Voltage was read on a digital voltammeter and current on an A.C. panel meter, through a current transformer.
g) Temperature Measurement
The temperature of the incandescent filament was measured with a pyrometer by looking through the view port. The temperature of the feed was measured externally with a Κ type thermocouple and controlled with a temperature indicator-cum-controller.
Purification studies were undertaken by loading 10 kg of each type of feed separately in the annular space. The assembly was closed with a demountable flange which carried a zirconium filament. The assembly was tested for leak-tightness and heated under a dynamic vacuum till the temperature was 50°C above that required for reaction of the feeds with iodine. The assembly was cooled to room temperature under dynamic volume and then filled with high purity argon. The iodine-retort was opened, loaded with a calculated amount of double-sublimed iodine and then closed with a Cu-seal flange. The deposition assembly was heated slowly to a desired reaction temperature under dynamic vacuum while the iodine retort was kept cooled with liquid nitrogen. The deposition assembly was isolated from the vacuum pumping system by closing the bellow-sealed valve. The filament was lighted slowly to incandescence. Cooling of the iodine retort was discontinued by removing the liquid nitrogen and heating was carried out to sublime iodine into the refining assembly. Iodine reacted with the feed to form tetraiodide, which transported itself to the hot filament for decomposition. After a certain induction period, deposition of the metal was observed by a rise in current as seen on the panel meter. The filament temperature was kept constant by maintaining the EI 1/3 value constant, where Ε is the voltage across and I is the current passing through the filament. The EI 1/3 value was increased intermittently during purification to achieve a high rate of deposition. As the filament grew in size, the heat radiated from the filament increased, the external heating of the feed was decreased accordingly to keep the feed temperature constant. When the radiant heat became so high that even the air cooling failed to keep the feed temperature constant, deposition was stopped by putting off the power to the filament. The assembly was cooled to room temperature by spraying water externally. High purity argon was filled in before the assembly was opened for removal of the crystal bar. The demountable flange carrying the crystal bar was lifted carefully, while pouring of water in the assembly continued. The crystal bar was removed from the flange. The residual feed was water-washed, acetone-dried and vacuumoutgassed at a high temperature for re-use.
The purpose of the iodide refining process was to prepare hafnium metal of sufficient purity for fabrication. In a close-cycled bithermal reactor, purification of hafnium depends upon the reactivity of impurity elements with iodine, vapour pressures and thermal stabilities of the iodides. The impurities which do not react with iodine remain in the feed. This is the case for the removal of interstitial from the purified metal. The metallic impurities which form iodides whose vapour pressures are low do not get transported to the filament and remain with the feed. The impurities whose iodides have high vapour pressures and high thermal stabilities do not co-deposit with the metal. Impurities which form iodides of high vapour pressure and low thermal stabilities get deposited with hafnium, but their retention with the metal depends upon their melting points and vapour pressures /12/. With these criteria for purification, hafnium crystal bars measuring up to 0.018 m and 0.02 m in diameter have been obtained from calciothermic and electrolytic hafnium, respectively /13/. Table 7 presents the data on the deposition of Hafnium crystal bar.
hafnium crystal bars from these feeds. At these power levels, radiant heat from the filament was so intense that it was extremely difficult to keep the feed temperature constant and continue with the deposition runs. Purification studies were then discontinued by switching off the power to the filament. Fig. 6 shows a typical crystal bar produced in these studies. Table 8 presents the chemical analysis of purified hafnium from these feeds.
CONCLUSION
The investigations have demonstrated the feasibility of preparing hafnium of sufficient purity from feeds other than Kroll sponge. Purified metal meets the required specifications for fabrication. 
